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© A process for making polymeric products of high tensile strength. 



© The invention relates to a process for making 
polymeric products of high tensile strength, and to 
the products obtained. By means of vapour deposi- 
tion polymerization, a chemically non-crosslinked 
polymeric material having a theoretical tensile 
strength at break of at least 10 GPa, preferably at 
least 15 or even at least 20 GPa, is formed. Said 
polymeric material is then drawn under essentially 
oxygen-free conditions to a draw ratio above 10, 
preferably at least 20 or even at least 30 or 40. The 
polymeric material preferably is a poly(para- 

axylylene) or poly-p,p'-dimethyIenebiphenyl polymer 
having a weight average molecular weight of 10 4 *- 
<S10 7 . The drawing step is preferably performed at a 
2 temperature in a condis phase of the polymer. 
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A process for making polymeric products of high tensile strength 



This invention relates to a process for making 
polymeric products of high tensile strength. 

For a long time, extensive research has been 
done to realize polymeric products, such as poly- 
meric fibers, having an extremely high tensile 
strength and/or an extremely high modulus. The 
research directed to the realization of these prop- 
erties has been focussed in particular on two dif- 
ferent classes of polymers, i.e., polymers having a 
highly flexible chain, such as polyethylene, 
and polymers having a rigid chain, such as poly(p- 
phenyleneterephtalamide). 

It has been achieved to obtain fibers having 
very good mechanical properties by gel spinning 
followed by hot drawing polyethylene having a very 
high molecular weight (approximately 10 6 ): see, for 
example, Smook et al„ Polym.Bull.2 (1980) 775. 
Fibers having a tensile strength at break of more 
than 4 GPa (giga Pascal) have been made by 
using highly dilute solutions of high molecular poly- 
ethylene, which promotes the production of a gel 
spun fiber having fewer topological defects and 
hence better tensile strength properties. For that 
matter, naturally a limited number of molecular 
entanglements should be present to obtain a 
drawable network. 

However, these polyethylene-based fibers also 
have a number of disadvantages or shortcomings. 
A major disadvantage resides in the method of 
manufacture, which comprises gel spinning a solu- 
tion of polyethylene. The need to use a solvent 
implies a separate cost item for the solvent, the 
recovery thereof and the protection of the environ- 
ment against the solvent. 

A further major drawback of polyethylene fibers is 
that they have a melting point as low as about 
140°C, and accordingly can only be used at rela- 
tively low temperatures, such as in the neighbour- 
hood of room temperature. 

Of the rigid-chain polymers, poly- 
paraph enylenete re phtalamide), referred to herein 
as PPTA, has received the greatest attention. This 
polymer exhibits a lyotropic behaviour and fibers of 
good tensile strengh properties can be obtained by 
spinning from a nematic, highly concentrated solu- 
tion of low-molecular PPTA in sulfuric acid: see 
US-A-3 671 542. Lattice defects in such fibers will 
substantially be the result of chain ends. By reason 
of the presence of strong hydrogen bridges be-^ 
tween adjacent chains in the crystal lattice, the 
fibers cannot be drawn. Nevertheless, they have a 
very high tensile strength at break of about 3 to 4 
GPa. 

Although, compared to polyethylene fibers, 
these PPTA fibers have the important advantage of 



higher service temperatures, they also have dis- 
advantages. The need of using a solution in sulfuric 
acid in the manufacture is, by itself, a major dis- 
advantage. Moreover, the fibers have the disadvan- 

5 . tage of an extremely high rigidity (the Young's 
modulus is in the order of 250), so that they break 
at a lower elongation. 

The present invention provides a process for 
making polymeric products of high tensile strength, 

io which avoids the above disadvantages and is char- 
acterized by forming a chemically non-cross-linked 
polymeric material with a theoretical tensile 
strength at break of at least 10 GPa by vapour 
deposition polymerization, and drawing this ma- 

75 terial in essentially oxygen-free conditions to a 
draw ratio above 10. 

A preferred material to enable the production of 
polymeric products, such as films, solid fibers, 
hollow fibers, yarns or ribbons having an ultra high 

20 tensile strength, is a polymeric material formed by 
vapour deposition polymerization and having a high 
theoretical tensile strength at break, such as a 
theoretical tensile strength at break of at least 15, 
preferably at least 20 GPa. 

25 A preferred embodiment of the process ac- 
cording to the invention is characterized in that the 
polymeric material formed by vapour deposition 
polymerization is a homopolymer or copolymer 
containing units having the formulae la and/or Ha, in 

30 which the benzene rings may be substituted by 
one or more halogen atoms, Ci-« alky! groups, 
C2-7 alkanoyl groups, C2-7 alkanoyloxy groups 
and/or cyano groups. 

Such a polymeric material is formed by vapour 

35 deposition polymerization of diradicais having the 
formulae lb and/or lib, in which the benzene rings 
may be substituted by or more halogen atoms, 
Ci-« alkyl groups, C2-7 alkanoyl groups, C2-7 
alkanoyloxy groups and/or cyano groups. 

40 Such a vapour containing diradicais can be 
obtained by the pyrolysis of a suitable starting 
material. Although the starting material may consist 
of monomeric, trimeric or multimeric compounds, it 
Is preferred that the vapour is obtained by the 

45 pyrolysis of dimers having the formulae 1c and/or 
He, in which the benzene rings may be substituted 
by one or more halogen atoms, Ct-s alkyl groups, 
C2-7 alkanoyl groups, C2-7 alkanoyloxy groups 
and/or cyano groups. Thanks to a relatively low 

50 pyrolysis temperature of about 500-700°C, such 
dimers are excellently suitable to virtually exclude 
contamination of the final polymeric product with 
low-molecular by-products. 

The preferred polymers according to the inven- 
tion have a semi-rigid chain. They are known per 
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se. For example, Szwarc, Discussions Faraday 
Soc. 2 (1947) 48, has described the polymer poly- 
(para-xylylene), referred to herein as PPX, which 
was obtained by the condensation polymerization 
of vaporous biradicals formed by the pyrolysis of 
paraxylene. Gorham, J.Polym.Sci.4, Vol A-1 (1966) 
3027 has subsequently proposed to obtain the vap- 
our by the pyrolysis of the cyclic dimer, designated 
as di-para-xylylene or para-cyclophane (also see 
Szwarc in Polymer Engineering and Science, 16 
(1976) 473). Gorham's method makes it possible to 
produce a high-purity, high-molecular polymer, also 
in the case of substituted poly-p-xylylene, by sub- 
jecting dimers substituted in the benzene ring to 
the pyrolysis reaction. Naturally, the substituents 
must be resistant to the pyrolysis temperature, 
which requirement is satisfied by halogen atoms 
(chlorine, bromine, iodine and fluorine), alkyl 
groups, cyano groups, acyl groups and acyloxy 
groups. 

Gorham's method can also be used for the 
production of poly-p.p'-dimethylenebiphenyl as de- 
scribed by Starke et al., Plaste und Kautschuk 32 
(1985) 294. In that case the starting product is the 
dimer [2,2] (4,4') biphenylophane, or, if substituted 
polymers are desired, a corresponding substituted 
dimer. 

The cyclic dimers can be prepared in various 
ways. One method of preparation consists in the 
pyrolysis of the monomer, e.g., p-xylene. at 950°C 
in the presence of steam. In it, the dimer is ob- 
tained in a yield of about 15%, with an efficiency of 
60%. The dimer can be separated from, the reac- 
tion mixture by quenching with benzene or toluene. 
See Chem.Eng.News. March 1, 1965, 41-42. An- 
other method of preparation consists in the 
pyrolysis of dithia(3.3]paracyclophane-S,S-tetrox- 
ide, as described by VSgtle et al. in Chem.lnd. 
1979, 416-418. 

In addition to homopolymers, such as substi- 
tuted or non-substituted poly-p-xylylene and poiy- 
p,p'-dimethylenebiphenyl, copolymers, both ran- 
dom copolymers and block copolymers are acces- 
sible through the Gorham method. 

As stated before, such polymers with semi- 
rigid chains have been known from 1947 and have 
been extensively investigated since then. In par- 
ticular, the crystallization taking place during the 
polymerization, the crystal structure and the ther- 
mal behaviour of PPX have been investigated [see 
Kirkpatrick and Wunderlich, Makromol. Chem. 186 
(1985) 2595; Iwamoto and Wunderlich, 
J.Polym.Sci., Polym. Phys.Ed. 11 (1973) 2403; 
Kirkpatrick and Wunderlich, J.Polym.Sci., 
Polym.Phys.Ed. 24 (1986) 931; Kubo and Wunder- 
lich J^ppl.Phys. 42 (1971) 4558; Isoda et at, Poly- 
mer 24 (1983) 1155; and Niegisch, J.Appl.Phys. 37 
(1966) 4041]. It has been found that semi-cry- 



stalline PPX exhibits a glass transition at 13°C and 
that crystalline PPX melts at 427°C. The PPX was 
found to have three crystalline polymorphs: an a 
polymorph at temperatures below 231 °C, a 01 

5 polymorph at a temperature between 231 °C and 
287°C, and a fc polymorph at a temperature of 
between 287°C and the melting point of 427°C. 
The crystal structures of both the a and the 0 form 
have been elucidated. Both the i9i polymorph and 

10 the fa polymorph are assumed to be confor- 
mational^ disordered (condis) crystals. Especially 
the higher temperature fa polymorph can be ex- 
pected to have considerable freedom of movement 
between the different conformations, which has 

is been confirmed by creep studies. 

In spite of the long-standing and extensive 
knowledge of PPX and analogous polymers, it has 
not so far been found, however, that, by drawing 
the polymer, fibers and other manifestations of the 

20 polymer with very interesting tensile strength and 
modulus properties can be realized, provided the 
drawing operation is carried out under oxygen-free 
conditions to a draw ratio above 10. Thus already 
the first experiments have resulted in fibers with a 

25 tensile strength at break of 3 GPa, a Young f s 
modulus of 102 GPa and an elongation at break of 
3%. obtained with a maximum draw ratio of 43. 
Further improvements certainly appear possible, 
when it is taken into account that the theoretical 

30 tensile strength at break is 23 GPa (for both the a 
and the 0 crystal form of PPX); for comparison, for 
polyethylene the theoretical tensile strength at 
break is 32.5 GPa. Higher draw ratios and higher 
tensile strength values will be obtained, for exam- 

35 pie, by drawing a higher molecular polymer, pro- 
vided the polymeric material contains a sufficient 
number of entanglements, which can be controlled 
by adapting polymerization conditions, such as the 
condensation temperature and the rate of poly- 

40 merisation; through simple experimentation the ef- 
fect of certain adaptations of the polymerization 
conditions can be determined. 

Compared with the prior art processes for mak- 
ing strong polymeric fibers and the like, the pro- 

45 cess according to this invention has the advantage 
not only that the fibers produced lack shortcomings % 
of the known strong polyethylene fibers and PPTA 
fibers, but also that a solvent-free manufacture is 
possible, which in addition can be carried out as a 

so continuous process. As regards the manifestation 
of the polymer, the process according to the inven- 
tion has virtually no limitations: the manifestation of 
the polymeric material formed by vapour deposi- 
tion polymerization is determined by the shape of 

55 the substrate used, on which the polymerization 
takes place, and so can be selected as desired. A 
continuous process can be obtained by using a 
moving substrate which transports polymer depos- 
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ited and formed on it in a first space to a second 
space in which the polymer is removed from the 
substrate and is passed through a drawing space. 

In principle, good tensile strength properties 
can be obtained by the process according to this 
invention if a polymer is used which can be pre- 
pared by vapour deposition polymerization with a 
high molecular weight and a high theoretical tensile 
strength at break of at least 10 GPa, more 
preferablyat least 15 GPa, and most preferably at 
least 20 GPa. For the calculation of the theoretical 
tensile strength at break, use has been made of the 
approach made by De Boer in Trans.Faraday Soc. 
32 (1936) 10. assuming that the strength of the 
polymer js limited by the intrinsic bonding strength 
of the carbon-to-carbon bond between methylene 
groups linking the benzene rings. Schaefgen in 
J.Polym.Sci. 41 (1959) 133 has determined this 
intrinsic bonding strength, on the basis of a study 
into thermal decomposition, at 244 kJ/mole. Kelly 
and MacMillan, Strong solids, third edition, Oxford 
Science Publications, Clarendon Press, Oxford 
(1986) pp 7-8, have indicated a value of 5.2x1 0 2 
Nm H for the force constant of this carbon-to-car- 
bon bond. From this it can be calculated that a 
force of 5.1x10~ 9 N is required to break the carbon- 
to-carbon bond. By means of the above approach 
of De Boer, the theoretical tensile strength at break 
can be calculated from this, in combination with the 
unit cell parameters of the crystal structure of the 
polymer. 

The desired high theoretical tensile strength at 
break is attained both in the case of PPX and in 
the case of poly-p.p'-dimethylene biphenyl, and 
can also be achieved with substituted analogues, if 
suitable substituents are selected. Suitable sub- 
stituents are halogen atoms (fluorine, chlorine, bro- 
mine, iodine), Ci-s alkyl groups, C2-7 alkanoyl 
groups, C2-7 alkanoyloxy groups and cyano 
groups. 

As regards the molecular weight, the polymeric 
material formed by vapour deposition polymeriza- 
tion will" preferably have a weight average molecu- 
lar weight of 10*-10 7 , more preferably lOMQ 6 , and 
most preferably 300.000-800.000 or higher. A high- 
er molecular weight in principle makes it possible 
to achieve a higher tensile strength by drawing, 
thanks to a smaller number of chain ends and 
hence a smaller number of lattice defects. 

In the drawing of the polymeric material ob- 
tained by vapour deposition polymerization, it is 
essential that oxygen-free conditions are used. For 
this purpose, the drawing operation is preferably 
carried out in an atmosphere of an inert gas, such 
as nitrogen or a noble gas. Furthermore, it is es- 
sential that the material is drawn to a draw ratio 
above 10. The draw ratio is preferably selected as 
high as possible. Preferably, the material is drawn 



to a draw ratio of at least 20, more preferably at 
least 30, and most preferably at least 40, Higher 
values of the draw ratio promote the strength char- 
acteristics of the polymeric product 

5 Furthermore, it is most preferable that, during 

the drawing operation, a temperature Is used in the 
range of a condis crystal condition of the polymer. 
For PPX, therefore, the drawing temperature should 
be between 231 °C and 427°C (the melting point). 

10 Preferably, however, the draw temperature is be- 
tween 287°C and 427°C, because the considerable 
freedom of movement of the polymer chains in the 
£2 condis phase promotes a further decrease of 
the crystal defects, which are small in number as it 

75 is, in the polymeric material obtained by vapour 
deposition polymerization. It should be taken into 
account, for that matter, that PPX is already subject 
to thermal degradation just above the melting point, 
so that it is likely that there is a danger of degrada- 

20 tion also during drawing just below the melting 
point. 

The high-strength polymeric products to be 
made by the process according to the invention 
may have various forms, such as films, solid fibers, 

25 hollow fibers, yams and ribbons. Films can be 
obtained, for example, by drawing polymeric films 
formed by vapour deposition polymerization. Also, 
polymer films formed by vapour deposition poly- 
merization can be drawn to form so-called split 
. 30 fibers and other fiber or ribbon-shaped products by 
suitable cutting means. 

The strong polymeric fibers and the like that 
can be produced by the present process are suit- 
able for a wide range of uses, in particular those in 

35 which their relatively high tensile strength in rela- 
tion to their relatively low specific density is ad- 
vantageous, such as in structural materials for the 
airplane, shipping and automobile industries. 

In addition to being suitable as a final product. 

40 the strong polymeric fibers produced by the pro- 
cess according to the invention are also suitable for 
use as starting material for the production of car- 
bon fibers similar, for example, to polyphenylene, 
polyethylene and polyamide (Kevlar) fibers pro- 

45 posed for use for these purposes. 

The invention is illustrated in and by the follow- 
ing example. 



50 Example 

For drawing experiments, we used a commercial 
PPX film (Paryiene N, molecular weight 500,000, a 
proprietary product of Union Carbide Corporation) 
55 35 urn thick. The film had been made by the 
Gorham method as described in Chem.Eng.News, 
March 1, 1965, 41-42. 

From the film, ribbons of 2.0x30.0 mm were 
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cut. These ribbons were clamped at both ends in 
aluminum clips attached to wires. By this means 
the ribbons were passed through a glass tube, in 
which a nitrogen atmosphere was maintained, into 
a tubular oven at a rate of 25 mm/min. In some 
experiments, the oven was kept at a temperature of 
420°C, in other experiments at a temperature of 
390°C. 

The ribbons were drawn by increasing the . 
speed of the wind-up drum, whereas the speed of 
the wind-off drum remained unchanged. 

After drawing, the ribbons were cut into fibers 
45 mm long. The draw ratios and cross-sectional 
areas of the fibers were calculated from weight and 
length. The density was taken to be the theoretical 
density of the /9 form (1158 kg/m 3 ), as the a — 0 
transition is irreversible, unless the product has 
been annealed in the 02 phase region for a long 
period of time. 

Tensile strength tests were carried out at 20°C, 
using samples with a clamped length of 15 mm, 
and using an Instron 4301 tensile tester at a cross- 
head speed of 7.2 mm/min. 

The non-drawn polymer films consisted of fol- 
ded chain crystals of the a fonn. These "lamellar" 
crystals are preferentially oriented with the (010) 
plane parallel to the film surface. The mechanical 
properties are rather moderate: a tensile strength at 
break of 40 MPa (mega Pascal) and a Young's 
modulus of 3.2 GPa. In a typical stress-strain curve 
for this material, stress increases up to a strain of 
2%, and then abruptly levels off. Breakage occurs 
at 6.5% strain. 

Totally different were the mechanical properties 
of fibers obtained from the PPX films by drawing at 
420°C, i.e., just below the melting point. Figs. 1 
and 2 show the relationship between tensile 
strength at break and draw ratio, and the relation- 
ship between the Young's modulus and the draw 
ratio. The figures show a clear Increase of both 
tensile strength at break and Young's modulus with 
increasing draw ratios. The maximum draw ratio 
was found to be 43 and the maximum values of the 
mechanical properties that could be obtained were 
a- tensile strength at break of 3.0 GPa, a Young's 
modulus of 102 GPa and an elongation at break of 
3%. Fig. 3 shows a typical stress-strain curve for 
such a fiber. 

In Bg. 4 and Rg. 5, the reciprocal tensile 
strength at break and the reciprocal Young's 
modulus have been plotted against the reciprocal 
draw ratio in order that an estimate may be made 
of the ultimate mechanical properties of PPX fibers 
drawn at 420°C. By extrapolation to an infinite draw 
ratio, i.e., a reciprocal draw ratio of zero, an ulti- 
mate tensile strength at break of 16.4 GPa and an 
ultimate Young's modulus of 208 GPa were found. 
The extrapolated value of the tensile strength at 



break is fairly consistent with the theoretical value 
of 23 GPa. The fact that a maximum tensile 
strength at break of 3.0 GPa was measured for the 
drawn fibers can be attributed to the still relatively 
5 low molecular weight of the polymer (500,000) and 
to stress-induced degradation of the material at 
420°C. 

During drawing, orientation occurs, with the c 
axis being oriented in the fiber direction. As, in the 
io non-drawn PPX film, the molecules are already 
oriented with the b axis perpendicular to the film 
surface, the drawn fibers accordingly exhibit double 
orientation. 

A drawn fiber exhibits a smooth surface, but 
75 generally has many narrow cracks of varying length 
in the longitudinal direction of the fiber. After ten- 
sile testing to breakage of a drawn fiber, some of 
the cracks are found to be widened perpendicular 
to the fiber direction and reveal the fibrillar nature 
20 of the drawn material: see Rg. 6, which shows a 
SEM micrograph of a fiber obtained by drawing at 
390°C with a draw ratio of 43. after being tested for 
tensile properties. Upon breaking, the drawn fiber 
usually splits up, which indicates that the process 
25 of failure starts in such longitudinal cracks. 



Claims 

30 1. A process for the manufacture of polymeric 
products having a high tensile strength, character- 
ized by forming a chemically non-cross-linked 
polymeric material with a theoretical tensile 
strength at break of at least 10 GPa by vapour 

35 . deposition polymerization, and drawing this ma- 
terial to a draw ratio above 10 in essentially 
oxygen-free conditions. 

2. A process as claimed in claim 1 , character- 
ized in that the polymeric material formed by vap- 

40 our deposition polymerization has a theoretical ten- 
sile strength at break of at least 15, preferably at 
least 20 GPa. 

3. A process as claimed in claim 1 , character- 
ized in that the polymeric material formed by vap- 

45 our deposition polymerization consists of a homo- 
polymer or copolymer containing units having the 
formulae la and/or I la, in which the benzene rings 
may be substituted by one or more halogen atoms, 
Ci-€ alkyl groups, C2-7 alkanoyl groups, C2-7 

50 alkanoyloxy groups and/or cyano groups. 

4. A process as claimed in claim 1, character- 
ized in that the polymeric material is formed by 
vapour deposition polymerization of biradicals hav- 
ing formulae lb and/or lib, wherein the benzene 

55 rings may be substituted by one or more halogen 
atoms. C1-6 alkyl groups, Ca-7 alkanoyl groups, 
C2-7 alkanoyloxy groups and/or cyano groups. 

5. A process as claimed in claim 3 or 4, 
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characterized in that the vapour is obtained by the 
pyrolysis of dinners having the formulae Ic and/or 
He, wherein the benzene rings may be substituted 
by one or more halogen atoms, Ci -« alkyl groups, 
C2-7 alkanoyl groups, C2-7 alkanoyloxy groups 5 
and/or cyano groups. 

6. A process as claimed in any of claims 1-5, 
characterized in that the material formed by vapour 
deposition polymerization consists of a polymer 
having a weight average molecular weight of 10*- 10 
10 7 , preferably 10 5 -10 6 , and most preferably 
300,000-800,000. 

7. A process as claimed in any of claims 1-6, 
characterized in that the polymeric material is 
drawn to a draw ratio of at least 20, preferably at 75 
least 30, and most preferably at least 40. 

8. A process as claimed in any of claims 1-7, 
characterized in that the polymeric material is 
drawn in an inert gas atmosphere, such as nitrogen 

or noble gas. 20 

9. A process as claimed in any of claims 1-8. 
characterized in that the polymeric material is 
drawn at a temperature In the region of condis 
crystal condition of the polymer. 

10. A process as claimed in claim 9, character- 25 
ized in that the polymeric materisal consists of 
poly(paraxylylene) and is drawn at a temperature of 
between 231 °C and the melting point of the poly- 
mer, preferably between 287°C and the melting 
point. 30 

11. Polymeric products, preferably in the form 
of films, solid fibers, hollow fibers, yarns or ribbons, 
produced using the process as claimed in any of 
claims 1-10. 
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